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A B S T R A C T   
Cerium-containing cobalt-aluminum layered double hydroxide was successfully synthesized via coprecipitation 
followed by hydrothermal treatment. Molar ratios of metal cations were predetermined as following: Co2+/(Al3+
+ Ce3+) = 3 and Ce3+/(Al3+ + Ce3+) = 0.05. According to X-ray diffraction data, the obtained sample was well 
crystallized single-phase product with a hydrotalcite-like structure. The presence of cerium was confirmed by 
elemental analysis. The synthesized material consisted of hexagonal plate-like particles with an average size of 
277 nm. The study of thermal behavior showed that the compound decomposed with the formation of oxides 
mixture, which is typical for layered double hydroxides. Its rehydration ability was expressed very weakly and 
the “memory effect” was observed only after heat treatment at a temperature not higher than 200 ◦C.   
1. Introduction 
Layered double hydroxides (LDHs), also called hydrotalcite-like 
compounds, are two-dimensional materials consisting of metal hydrox-
ide layers and anions in the interlamellar space (Fig. 1). LDHs can be 
described by the general formula [M(II)1− x M(III)x (OH)2]x+ [An-x/ 
n⋅yH2O]x− , where M(II) and M(III) are divalent and trivalent metal 
cations respectively, and An− is n-valent anion. Interest in this class of 
compounds remains rather high for a long time due to a wide range of 
their unique properties [1,2]. Layered double hydroxides have potential 
applications in catalysis [3,4], drug delivery [5], waste treatment [6], 
energy storage devices [7], and sensors [8]. The ability of LDHs to vary 
widely cationic and anionic composition allows obtaining materials 
with predetermined properties [2]. 
In recent years researchers focused on LDHs containing transition 
and rare earth metals, which may exhibit specific catalytic, electrical 
and magnetic properties. For example, cobalt-containing hydrotalcites 
are well-known for their catalytic activity [9]. Besides, there are reports 
on their possible using as supercapacitors for energy conservation pro-
cesses [10]. Cerium compounds exhibit catalytic activity as well, e.g. 
they are active in the processes of CO2 conversion to methane, methanol 
and in the process of dry methane reforming [11]. CeO2 is also consid-
ered as a potential electrode material for supercapacitors [12,13]. The 
combination of cerium oxide properties with the advantages of LDH 
structure could provide material with unique characteristics. 
Incorporation of rare earth elements, e.g. cerium, is still poorly 
studied. The large ionic radius as well as easy oxidizability of cerium 
(III) cations makes this objective quite difficult. Zhang et al. reported 
obtaining Mg/AlCe samples with Ce/(Ce + Al) = 28.6, 37.5, 44.5 and 
50 mol% [14]. Another Mg/AlCe LDH with Ce/(Ce + Al) ratio about 50 
mol% was synthesized by Rodrigues et al. [15]. Zhu et al. [16] described 
the synthesis of Zn/AlCe LDH with Ce/(Zn + Al + Ce) molar ratio of 
0.017, 0.05, 0.083 and 0.117. Zn/AlCe LDH with Ce/(Ce + Al) molar 
ratio of 0.05 was obtained by Zhang et al. [17]. Sanati and Rezvani [18] 
report about synthesis of Ni/AlCe LDH with molar ratio Ce/(Ce + Al) =
10%. 
All attempts listed above were not quite successful since the syn-
thesized samples contained extraneous phases, mostly, cerium (IV) 
oxide CeO2. Better results are presented in publication [19]. Mg/AlCe 
LDHs with Ce/(Ce + Al) molar ratios of about 5, 13 and 20 mol% were 
obtained via coprecipitation method. The sample with 5 mol% of 
aluminum ions substitution seems to be single-phase. An increase in 
cerium content up to 13 mol% led to the appearance of an impurity 
phase in the diffractogram, presumably the phase was cerium (IV) oxide. 
As the Ce/(Ce + Al) molar ratio rose, the crystallinity of the material 
dropped abruptly. Samples of good quality were obtained by 
Suarez-Quezada et al. [20] who prepared Zn/AlCe LDHs with Ce/(Ce +
Al) molar ratio of 3.5, 5 and 10 mol%. 
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The most successful results were received in syntheses of tetrame-
tallic layered double hydroxides. Wang et al. [21] synthesized 
single-phase sample with the following composition: 
Ni0⋅1Mg2⋅9Al0⋅95Ce0.05. Perhaps, the most interesting cerium-containing 
LDH was obtained by Carja et al. [22]. It was hydrotalcite-like com-
pound with MgCu/AlCe composition, where about 50 mol% of 
aluminum cations was substituted by cerium. 
A number of publications have shown that the introduction of cerium 
in the composition of the LDH makes it possible to obtain materials with 
improved properties. So, Zhang et al. reported that the mixed oxides 
derived by calcination of synthesized LDH precursors demonstrate a 
higher activity at low temperatures in the reaction of H2S selective 
catalytic oxidation than pure CeO2 [14]. A study of Zhu et al. showed 
that in comparison with undoped sample, the materials obtained from 
the LDH of the cerium doped precursor exhibit higher catalytic activity 
in the photodegradation of rhodamine B [16]. Suarez-Quezada et al. 
found that the introduction of cerium into the composition of the LDH 
precursor led to an increase in activity of catalyst in the phenol photo-
degradation reaction [20]. 
Recently well crystallized single-phase NiAlCe-LDH was successfully 
synthesized in our research group by coprecipitation followed by hy-
drothermal treatment [23]. The molar ratio Ce3+/(Ce3+ + Al3+) was 
0.0324. The molar ratio Ni2+/(Al3+ + Ce3+) was found to be 2.597. The 
present work is a continuation of the previous research. Replacing 
magnesium cations with cobalt cations was expected to increase the 
amount of cerium incorporated in the hydrotalcite structure. 
2. Experimental 
The Co/AlCe hydrotalcite-like compound was obtained by copreci-
pitation method followed by hydrothermal treatment. Co(NO3)2⋅6H2O, 
Al(NO3)3⋅9H2O and Ce(NO3)3⋅6H2O were used as metal precursors. A 
mixture of NaOH and Na2CO3 was chosen as precipitating agent. Re-
agents were taken in such proportions that the synthesized compound 
should have the molar ratio M(II)/M(III) = 3 and trivalent cations molar 
ratio Ce3+/(Al3+ + Ce3+) = 0.05. At the first stage the aqueous solution 
of nitrates was mixed under vigorous stirring with the precipitant so-
lution. Further the resulting mixture was transferred into autoclave 
reactor (Parker autoclave Engineers) for 48 h at 120◦С. The synthesized 
material was centrifuged, washed with distilled water and dried at 
110◦С for 8 h. 
The phase composition of the synthesized sample was verified by 
powder X-ray diffraction (PXRD). PXRD patterns were recorded on 
Rigaku Ultima IV diffractometer using CuKα radiation (λ = 1.54056 Å) 
with 2 deg/min from 2θ = 5◦–75◦ and steps of 0.02. The identification of 
peaks was made using the PDF database. XRD data were processed by 
the Rietveld method with integrated X-ray powder diffraction software 
PDXL (Rigaku Corporation) for determination of lattice parameters 
[24]. 
The elemental composition of the obtained material was investigated 
by the X-ray photoelectron spectroscopy (XPS) using Axis Ultra DLD 
spectrometer (Al Kα radiation (Ephoton = 1486.7 eV), operating energy 
was 160 eV for survey spectrum and 40 eV for high-resolution spectrum) 
and the energy-dispersive X-ray spectrometry (EDX) using the QUANTA 
200 3D scanning electron microscope equipped with an energy- 
dispersive analyzer at the operating voltage of 20 kV. XPS was also 
used for investigation of electronic state of cerium atoms. 
The morphology of the sample was examined with transmission 
electron microscope JEM-2100 at 200 kV with 0.2 nm resolution. 
The behavior of the obtained samples upon heating was studied 
using an SDT Q 600 combined thermal analyzer able to carry out 
simultaneously thermogravimetric (TGA) and differential scanning 
calorimetric (DSC) analyses. The investigation was performed in an inert 
atmosphere in a range of temperatures of 20–1000 ◦C at a rate of heating 
of 10 deg/min. 
Some portions of hydrotalcite-like material were calcined in air in 
the microwave muffle furnace Phoenix (CEM) at 200, 300, 400, 500, 
600, 700 and 800 ◦C and their decomposition products were analyzed 
with PXRD. 0.2 g of samples calcined at 200–600 ◦C were immersed in 
50 ml of distilled water at ambient temperature to estimate their rehy-
dration ability. The samples stayed there for 7 days without stirring. 
After that, they were dried and investigated by PXRD. 
3. Results and discussion 
3.1. Phase and chemical composition 
The powder X-ray diffraction pattern of the synthesized material 
looks typical for hydrotalcite-like compounds (Fig. 2). It is isostructural 
to Co6Al2CO3(OH)16⋅4H2O (space group – R-3m (166); JCPDS 
Fig. 1. Schematic view of the LDH structure.  
Fig. 2. PXRD pattern of Co/AlCe LDH (calculated Bragg reflections are denoted 
by vertical ticks). 
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N◦51–0045). Basal reflections (003), (006), reflections (012), (015) and 
(018) as well as doublet in a region of 60◦ with reflections (110) and 
(113) are characteristic for structures of this type [2]. The sample 
demonstrates rather high crystallinity in the absence of extraneous 
reflections. 
Determined lattice parameters are: c = 22.82 (6) Å and a = 3.071 (3) 
Å. Parameter a corresponds to cation-cation distance in brucite-like 
layers and depends on ionic radii of cations. Parameter c corresponds 
to the thickness of the layers and mainly depends on electrostatic 
interaction between brucite-like sheets and interlamellar anions. The 
unit cell parameter were calculated as c = 3 d (003) аnd a = 2 d (110). 
According to Ref. [25] the parameters a and c for bimetallic Co/Al–CO3 
LDH are equal to 3.07 Å and 22.61 Å respectively. Since the ionic radius 
of Ce3+ (0.102 ± 0.006 nm) was significantly larger than Al3+ (0.051 ±
0.003 nm) [26] an increase in the value of parameter a could be ex-
pected. However there is no substantial change in this parameter. The 
result could be accounted for the difference in the M2+/M3+ ratio. It was 
equal to 2 in Ref. [25] while it was higher in our case. 
EDX spectrum confirms the presence of cobalt, aluminum and cerium 
in the sample (Fig. 3). The resulting M2+/M3+cations molar ratio is 
lower than originally expected and equals to 2.7 instead of 3. Trivalent 
cations molar ratio Ce3+/(Al3+ + Ce3+), on the contrary, is slightly 
larger and amounts to 0.0519. 
The presence of cerium in the obtained material was also indicated 
by survey XPS spectrum (Fig. 4). According to high-resolution spectra 
cation contents on the surface were found to be 78.3 at.%, 19.9 at.% and 
1.8 at.% for Co2+, Al3+ and Ce3+ respectively. Ce3d XPS spectrum 
(Fig. 5) is typical for trivalent cerium [27]. The line at a binding energy 
of about 915 eV is not observed, which indicates the absence of 
contribution to the spectrum from tetravalent cerium within the sensi-
tivity of XPS method [27,28]. 
3.2. Sample morphology 
The transmission electron microscopy data were used to determine 
the morphology of the synthesized hydrotalcite-like compound (Fig. 6) 
and its average particle size (Fig. 6). According to it, the sample is 
represented by hexagonal plate-like particles. LDH crystals are known to 
grow faster in a or b axis directions and plate-like morphology was 
observed for multiple LDH of different composition [2,4,8–10,17]. 
The probability density function P(d) for the distribution in Fig. 7 












where d is the current particle size, d* is the average particle size and σ is 
the standard deviation. Analysis based on the equation allowed to obtain 
the following values: the average particle size is ≈ 277 nm, the standard 
deviation is ≈ 71.01. 
3.3. Thermal behavior 
The thermal behavior of Co/AlCe LDH sample was examined via 
thermogravimetric (TGA) analysis and differential scanning calorimetry 
(DSC) (Fig. 8). Resulting curves are quite typical for compounds with 
hydrotalcite-like structure [29,30]. Three main processes of weight loss 
accompanied by endothermic usually take place during LDH thermal 
decomposition. The first one at 150–220 ◦C corresponds to the loss of 
physical absorbed water and crystallization water from interlamellar 
space. The second and the third processes at 220–450 ◦C are the dehy-
droxylation of brucite-like layers and the loss of interlamellar anions. 
The rise of the DSC curve in a region of 700 ◦C can be linked to the 
shrinkage of the sample. 
For more detailed study of thermal decomposition certain amounts Fig. 3. EDX spectrum of Co/AlCe LDH.  
Fig. 4. Survey XPS spectrum of Co/AlCe LDH.  
Fig. 5. Ce3d and Co2s XPS spectrum of Co/AlCe LDH. Previously received 
CeO2 and Ce2O3 spectra are given for comparison. 
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of the synthesized material were calcined in the microwave muffle 
furnace at different temperatures and the products were analyzed by 
PXRD method (Fig. 9). Already at 200 ◦C there is a significant decline of 
crystallinity and an appearance of extraneous phases. Nevertheless, re-
flections of hydrotalcite-like structure are still clearly visible. When the 
calcination temperature is increased to 300 ◦C, the whole layered 
structure decomposes to cerium oxide CeO2 (space group – Fm-3m 
(225); JCPDS N◦ 01–0800) and spinel-like cobalt-aluminum mixed 
oxide Co2AlO4 (space group – Fd-3m (227); JCPDS N◦ 01–1152). A 
further increase in temperature does not lead to the emergence of new 
phases, but only improves the crystallinity of formed oxides. Thus, the 
obtained data have a good correlation with TGA–DSC curves. This 
behavior during heat treatment is likely to be typical for cobalt- 
containing LDH. According to the results of reference [31] for CoAl-
–CO3-LDH, which was prepared by hydrolysis of urea, the formation of a 
metastable phase also occurs after heat treatment at 200 ◦C, complete 
destruction of the layered structure is observed already upon heating to 
225 ◦C; an increase in temperature to 275 ◦C leads to the formation of a 
spinel phase. In the work [32] for CoAl–CO3-LDH, which was prepared 
by coprecipitation, the layered structure collapses at 200 ◦C and a solid 
solution of cobalt spinels (Co3O4, CoAl2O4, or Co2AlO4) is formed. 
Samples annealed at 200–600 ◦C were placed in water for several 
days to estimate their rehydration ability. PXRD patterns show that this 
procedure had an effect only on the sample that was calcined at 200 ◦C 
(Fig. 10). In its case, there is a noticeable improvement in crystallinity, 
which still remains much lower than it was originally. Also there are 
weak reflections of impurity phase, presumably, cerium oxide (IV). 
Samples annealed at 300 ◦C and above don’t demonstrate any percep-
tible phase transformations after the contact with water in comparison 
with calcined ones. Apparently, rehydration ability of the obtained 
compound is limited. It differs from the rehydration behavior of LDH 
formed by cations in their most stable valent state [33,34]; however it is 
similar to the results obtained in the publication [32] for 
cobalt-containing LDH. The authors relate low thermal stability and 
poor reversibility of Co–Al–LDH calcined at 300 ◦C to the partial 
oxidation of Co2+ to Co3+ during heat treatment. High thermodynamic 
stability of spinel-like cobalt phases is believed to be the additional 
reason of the decomposition at low temperature and poor rehydration 
Fig. 6. TEM image of Co/AlCe LDH.  
Fig. 7. Particle size distribution for Co/AlCe LDH.  
Fig. 8. TGA–DCS curves of Co/AlCe LDH in inert atmosphere (solid curve refers 
to “Heat flow” and the dashed one – to “Weight”). 
Fig. 9. PXRD patterns of Co/AlCe LDH calcined at different temperatures.  
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In the present work, single phase cerium-containing cobalt- 
aluminum layered double hydroxide with molar ratio Ce3+/(Al3+ +
Ce3+) equal to 0.0519 was successfully synthesized by coprecipitation 
method followed by hydrothermal treatment. The presence of cerium 
was confirmed by the XPS and EDX data. TEM images showed that the 
obtained powder sample consisted of hexagonal plate-like particles with 
an average size about 277 nm. The compound started to decompose with 
the formation of oxides at relatively low temperature. Its ability to 
recover original layered structure was expressed very weakly and the 
“memory effect” was observed only during heat treatment at a tem-
perature not higher than 200 ◦C. 
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